Background: Initial reports of transbronchial cryobiopsy for diffuse parenchymal lung disease (DPLD) suggest the diagnostic yield approaches that of surgical lung biopsy (SLB) with an excellent safety profile. Centers performing cryobiopsy differ significantly in procedure technique; an optimal technique minimizing complications but still capable of diagnosing a wide range of DPLDs has not been established. We evaluated our practice of flexible bronchoscopic cryobiopsy in a primarily outpatient setting for patients who required a tissue diagnosis for DPLD of uncertain etiology.
Background: Initial reports of transbronchial cryobiopsy for diffuse parenchymal lung disease (DPLD) suggest the diagnostic yield approaches that of surgical lung biopsy (SLB) with an excellent safety profile. Centers performing cryobiopsy differ significantly in procedure technique; an optimal technique minimizing complications but still capable of diagnosing a wide range of DPLDs has not been established. We evaluated our practice of flexible bronchoscopic cryobiopsy in a primarily outpatient setting for patients who required a tissue diagnosis for DPLD of uncertain etiology.
Methods: Consecutive patients with indeterminate DPLD who underwent bronchoscopic cryobiopsy at a large academic medical center from January 2012 to August 2015 were retrospectively analyzed. Rates of confident histopathologic diagnosis, confident multidisciplinary consensus diagnosis, management change, and complications were determined.
Results: One hundred four cases were identified. Confident histopathologic diagnoses were established in 44% (46/104) and confident multidisciplinary consensus diagnoses in 68% (71/104). Usual interstitial pneumonia (19/104) and idiopathic pulmonary fibrosis (22/104) were the most common histopathologic and consensus diagnoses, respectively. Five subjects proceeded to SLB after cryobiopsy which was diagnostic in 3. Results of cryobiopsies changed management in 70% (73/104). Complications occurred in 8 cases with no death.
Conclusions: Cryobiopsy during outpatient flexible bronchoscopy facilitated confident multidisciplinary consensus diagnosis of DPLD in more than two thirds of cases, and appears sufficient to establish the histopathologic diagnosis of usual interstitial pneumonia, with a complication rate that compares favorably to that reported for SLB.
Key Words: cryobiopsy, transbronchial biopsy, interstitial lung disease, idiopathic pulmonary fibrosis (J Bronchol Intervent Pulmonol 2018; 25:88-96) T ransbronchial lung biopsy with a cryoprobe, or cryobiopsy, is a novel technique allowing bronchoscopic retrieval of lung biopsies an order of magnitude larger than conventional forcepsbased techniques, without crush artifact. [1] [2] [3] Initial reports have explored the diagnostic capability of cryobiopsy in diffuse parenchymal lung disease (DPLD). Conventional forceps transbronchial biopsies, diagnostic in only a third of cases, 4 are generally viewed as insufficient in this setting; current guidelines suggest surgical lung biopsy (SLB) be pursued when clinical and radiographic features are insufficient to establish a confident diagnosis. 5, 6 However, the risks associated with SLB in this population [7] [8] [9] [10] centers, the most common diagnosis in patients presenting with DPLD is idiopathic pulmonary fibrosis (IPF), which relies on clinical criteria and a specific histologic or radiologic pattern of usual interstitial pneumonia (UIP). 5, 11 As highresolution computed tomography (HRCT) of the chest is frequently insufficient for confident diagnosis, and newly available therapeutics have changed management strategies for IPF, a safe alternative to SLB is urgently needed. Cryobiopsy appears ideally positioned to meet this need. However, data remain limited and the techniques used poorly standardized. 12 Whether transbronchial cryobiopsy via outpatient flexible bronchoscopy is sufficient to establish histopathologic diagnoses in DPLD, including UIP, remains unclear.
PATIENTS AND METHODS

Patient Selection and Data Extraction
This study was approved by the Vanderbilt University Institutional Review Board (IRB# 151099) with a waiver of informed consent. Our institution transitioned from SLB to cryobiopsy as the predominant initial lung biopsy modality in indeterminate DPLD in January 2012. Records of patients who underwent cryobiopsy through the date of IRB approval (August 17, 2015) were reviewed; biopsies to characterize DPLD were included. Each underwent the procedure once. Pertinent data were retrospectively extracted from the medical record by 2 authors (R.J.L. and T.M.T.). HRCTs within 1 month of cryobiopsy were classified per current guidelines 5 as UIP pattern, possible UIP, or inconsistent with UIP by a thoracic radiologist. Subjects included in an early report of cryobiopsy from our institution are included in this analysis, as management changes in these subjects were not previously assessed. 1 
Bronchoscopy and Cryobiopsy Procedure
Procedures were performed by an attending interventional pulmonologist or fellow under direct supervision in a dedicated bronchoscopy operating room with standard monitoring at least 7 days after last antiplatelet or anticoagulant medication use. A certified registered nurse anesthetist provided intravenous deep sedation and adequate spontaneous respiratory effort was maintained.
After topical anesthesia of the oropharynx, vocal cords, and upper trachea with lidocaine, each subject was intubated with an 8.5 mm wire-reinforced endotracheal tube (ETT) (Smiths Medical, St Paul, MN) advanced over flexible bronchoscope (Olympus XT180 or BF-1TH190; Olympus America Inc., Center Valley, PA). This style of ETT was chosen for its combination of flexibility and strength in this procedure with rapid exits from and entries into the airway, and the ease with which it can be advanced into either mainstem bronchus in the event of significant bleeding. Oxygen was delivered per tube but the cuff was not inflated.
Areas of significant abnormality on preprocedure computed tomography scan were targeted. The lower lobes were preferentially biopsied; each biopsy was taken from a different segment. Before each biopsy, a fluoroscopic reference image was recorded with the bronchoscope wedged in the desired segment to permit fluoroscopic navigation back to the segment in the event of significant bleeding. A 1.9 mm diameter carbon dioxide-cooled cryoprobe measuring 90 cm in length (ERBE Elektromedizin GmBH, Tu¨bingen, Germany) was then advanced until resistance was felt or the probe was seen fluoroscopically to reach the pleura. After pulling back 1.5 to 2 cm, the cryoprobe was activated for 4 to 5 seconds before cryoprobe and bronchoscope were pulled out of the airway en bloc. The cryobiopsy was submerged in room temperature saline to rapidly thaw and release the tissue, allowing the cryoprobe to be removed as the bronchoscope was reintroduced into the airway. The bronchoscope was rewedged in the biopsied segment, iced saline was administered, and tamponade was maintained until hemostasis was achieved. Two to 3 cryobiopsies were sought per case at the discretion of the operator.
Bronchial blockers and a rigid bronchoscope were immediately available to manage complications. Starting January 2015, we began employing prophylactic bronchial blockade using a balloon occlusion catheter (Fogarty; Edwards Lifesciences, Irvine, CA) or endobronchial blocker (Arndt; Cook Medical, Bloomington, IN) as previously described 13 while the bronchoscope was out of the airway after each biopsy, in response to a major hemorrhage.
with additional stains at the discretion of the pathologist. All slides were reviewed by 1 of 2 expert lung pathologists. Diagnoses of UIP were made in accordance with current guidelines 5 ; confident non-UIP diagnoses (eg, other idiopathic interstitial pneumonias, granulomatous diseases, bronchiolitides) were based on identification of characteristic features. 14,15
Complications
Major hemorrhage was scored if additional airway management or bronchial blockade (other than prophylactic use) was required, the procedure was stopped early, transfusion was required, or hemodynamic instability or respiratory failure resulted. Respiratory failure was defined as hypoxemia requiring initiation or escalation of supplemental oxygen or increased level of monitoring for respiratory status (outpatient to inpatient, inpatient floor to ICU). Pneumothoraces, unplanned hospital admissions, and periprocedural arrhythmias were also recorded.
Diagnostic Yield and Management Changes
Two authors with experience in DPLD (R.J.L. and J.A.K.) independently scored the confidence with which diagnoses were established. A confident histopathologic diagnosis was scored if the pathologist identified a specific disease process or strongly favored one disease over, at most, one additional consideration. A confident consensus diagnosis was scored if both retrospective reviewers independently agreed that the multidisciplinary consensus diagnosis was reached with a high degree of certainty and no contradictory data were obtained during the clinical follow-up of that subject. The same authors independently reviewed medical records for management changes attributed to cryobiopsy results.
Statistical Analysis
Continuous variables are reported as mean ± SD or median with interquartile range. Categorical variables are reported as frequencies. Between-group comparisons were conducted using Wilcoxon rank-sum test or Pearson w 2 for continuous and categorical variables, respectively. A 2-sided P value of r0.05 was considered significant. All analyses were performed using SPSS Statistics v.23 (IBM Corp., Armonk, NY).
RESULTS
Subject, Procedure, and Cryobiopsy Characteristics
A total of 104 subjects underwent cryobiopsy for the diagnosis of a DPLD during the study interval. Baseline subject characteristics are summarized in Table 1 . 16 The majority (88%) were outpatients at the time of the procedure. Most were referrals from our institution's Interstitial Lung Disease Clinic when a DPLD was insufficiently characterized by clinical and radiographic data according to the evaluating pulmonologist after review of the HRCT with thoracic radiology. Referrals from outside our institution were evaluated in Interventional Pulmonary Clinic and discussed by our multidisciplinary DPLD committee before the procedure. Preprocedure HRCTs demonstrated a UIP pattern in 7 cases, possible UIP in 11, and were inconsistent with UIP in 86. Subjects with UIP pattern on HRCT proceeded to cryobiopsy because of clinical Values presented as n (%) or mean ± SD, unless otherwise noted. DLCO is reported corrected for hemoglobin, when available.
*Mean (range). wCorrelates with PaO 2 :FiO 2 ratio of 300. 16 DLCO indicates diffusing capacity for carbon monoxide; DPLD, diffuse parenchymal lung disease; FEV1, forced expiratory volume in the first second; FVC, forced vital capacity; HRCT, high-resolution computed tomography; S:F ratio, SpO 2 divided by fraction of inspired oxygen (FiO 2 ); SpO 2 , pulse oximetric saturation; TLC, total lung capacity; UIP, usual interstitial pneumonia.
concern for an alternate diagnosis (eg, hypersensitivity pneumonitis in the context of ongoing avian exposure). A total of 228 cryobiopsies were obtained with mean greatest dimension of 6.9 mm. Alveoli were absent from only 1 case and bronchioles from 3. Lower lobes were most frequently biopsied; in 21 cases (20%), the right upper lobe was biopsied in addition to the right lower lobe. Additional biopsy features are detailed in Table 2 .
Diagnostic Yields and Management Changes
Cryobiopsy established a confident histopathologic diagnosis in 46 of 104 cases (44.2%) and a confident consensus diagnosis in 71 (68.3%) ( Table 3 ). All cases with a confident histologic diagnosis received a confident consensus diagnosis upon review by multidisciplinary committee. In an additional 25 cases, less-than-definite histopathologic findings still allowed for a confident consensus diagnosis when considered alongside clinical and radiographic data. UIP, the most common histopathologic diagnosis (Fig. 1) , comprised 18% of all cases and 41% of those with a histopathologic diagnosis. IPF was the most common consensus diagnosis, comprising 21% of the series and 31% of those in which a confident consensus diagnosis was established. Of the 18 subjects with UIP pattern or possible UIP pattern on HRCT, half received a histologic diagnosis of UIP and two thirds a consensus diagnosis of IPF (Table 4 ). There were 10 diagnoses of UIP among 86 subjects with HRCTs interpreted as inconsistent with UIP pattern. SLB, pursued in 5 subjects without a confident diagnosis after cryobiopsy, established 3 additional diagnoses: UIP/IPF, T-cell lymphoma, and organizing pneumonia. A flow chart of the diagnostic process is depicted by Figure 2 .
Cryobiopsy changed management in 73 cases (70%), more often when cryobiopsy established a clinical diagnosis than when it did not (88% vs. 39%; 95% confidence intervals, 79%-96% vs. 21%-58%; P < 0.01). Changes are detailed in Table 5 ; the relationship between histopathologic diagnosis, consensus diagnosis, and management change is illustrated in Figure 3 . 17 
Safety
Major complications occurred in 8 cases (7.7%). There were 4 major hemorrhages. Two 
Data presented as n (%) or mean ± SD (range). *Denominator = total biopsy count (n = 228). wDenominator = total number of cases (n = 104). zMore than 1 complication occurred in some cases; 8 cases in total (7.7%) had at least 1 complication. BO indicates bronchiolitis obliterans; CB, constrictive bronchiolitis; CTD-ILD, connective tissue disease-related interstitial lung disease; DIP, desquamative interstitial pneumonia; DPLD, diffuse parenchymal lung disease; FB, follicular bronchiolitis; HP, hypersensitivity pneumonitis; IPF, idiopathic pulmonary fibrosis; NSIP, nonspecific interstitial pneumonia; OP, organizing pneumonia; PAP, protein alveolar proteinosis; RB, respiratory bronchiolitis; RB-ILD, respiratory bronchiolitis-associated interstitial lung disease; UIP, usual interstitial pneumonia.
were well-controlled with bronchoscopic tamponade, iced saline, and lung-down positioning but stopped the procedure after 1 biopsy; estimated blood loss (EBL) was 100 mL in each case. The third, occurring after the third biopsy, resulted in brief hypoxemic PEA arrest requiring cuff-up positive pressure ventilation, bronchoscopic tamponade, and decubitus positioning with EBL 300 mL; this subject was extubated the next morning with full neurological recovery. In response, prophylactic bronchial blockade was used after each biopsy in the final 16 cases in this series. Reinflation of this blocker after prophylactic use in one of these latter subjects was scored as the fourth major hemorrhage, as our prespecified definition of major hemorrhage included bleeding necessitating bronchial blockade for control. In this case, deflation of the bronchial blocker revealed a brisk bleed after the first biopsy; reinflating the blocker established rapid control of the hemorrhage and hemostasis was achieved after 3 minutes with EBL 50 mL. Further biopsies were then pursued. Minimal or minor bleeding occurred in the remaining 100 cases; overall mean EBL was 22 ± 19 mL (range, 0 to 75 mL).
Three pneumothoraces occurred, including 1 in the fourth major bleed subject, all requiring small-bore chest tube thoracostomy and 1 to 2 day hospitalizations. There were 2 episodes of respiratory failure: the postarrest subject and an inpatient who developed bronchospasm hours postprocedure prompting brief medical intensive care unit observation. The final serious complication was a subject admitted for overnight observation after returning several hours after discharge with malaise but who did not have pneumothorax, new hypoxemia, or hemoptysis.
DISCUSSION
In this retrospective analysis of 104 consecutive transbronchial cryobiopsy procedures evaluating indeterminate DPLD, we determined that: (1) cryobiopsy established confident histopathologic diagnoses in 46 cases (44%) and confident consensus diagnoses in 71 (68%); (2) 18% of subjects received a histopathologic diagnosis of UIP and 21% received a consensus diagnosis of IPF; (3) cryobiopsy changed management in 70% of cases; (4) the rate of major complications was 7.7%.
The prevalence of UIP/IPF in existing series of cryobiopsy for DPLD varies widely, likely reflecting variations in study populations and procedural aspects. 18 We diagnosed 22 of 104 subjects with IPF for a diagnostic prevalence of 21%, higher than reported in most previous studies. 2, [18] [19] [20] [21] [22] [23] [24] Cryobiopsies in 19 of these 22 Data presented as frequencies. *Asbestosis. wRespiratory bronchiolitis. zRespiratory bronchiolitis-ILD, chronic aspiration. yInconsistent with UIP for lack of basilar predominance/significant upper lobe involvement (4), air trapping >3 lobes (3), significant ground glass (2), peribronchovascular predominance (1). 8Table 3.
HRCT indicates high-resolution computed tomography; ILD, interstitial lung disease; Non-dx, nondiagnostic; UIP, usual interstitial pneumonia. subjects were definitive for UIP. Histologic features in the other 3 cases were consistent with UIP but not sufficient for a confident diagnosis; all 3 were felt to have IPF by multidisciplinary committee considering clinical and radiographic data.
The only other large series with a high prevalence of UIP/IPF (31%) 18 used a markedly different cryobiopsy technique: 2.4 mm diameter cryoprobe (vs. our 1.9 mm), biopsy <10 mm from the pleura (vs. 15 to 20 mm from the pleura), most biopsies in only 1 segment (vs. different segments, and in 21 cases, different lobes), and intubation with a rigid bronchoscope (vs. orotracheal intubation facilitated by flexible bronchoscope). Despite diagnosing UIP/IPF at similar rates, we note a significantly lower incidence of pneumothorax (2.9% vs. 20.2%) and hospitalization (5.8% vs. 94.6%) in our series. We did have 4 major hemorrhages (3.8%) and have adopted prophylactic bronchial blockade following each biopsy in all patients. Our overall complication rate of 7.7% compares favorably with the previously reported range of 0% to 25%. 2, [18] [19] [20] [21] [22] [23] [24] The relationship between the incidence of the 2 primary complications of cryobiopsy, pneumothorax and significant hemorrhage, has been hypothesized to be reciprocal; higher rates of pneumothorax have been reported when the cryoprobe is activated very close to the pleura, 18, 23, 25 whereas more proximal biopsies near larger-caliber vessels might be at higher risk FIGURE 2. Diagnostic flow chart incorporating high-resolution computed tomography, histopathologic, multidisciplinary consensus, and surgical lung biopsy (when applicable) diagnoses. More than 1 management change occurred in several cases. *Includes azathioprine (4), mycophenolate mofetil (2), cyclophosphamide (2), methotrexate (1), infliximab (1), hydroxychloroquine (1) .
wNot including 5 referrals for surgical lung biopsy after nondiagnostic cryobiopsy.
GM-CSF indicates granulocyte macrophage colony-stimulating factor; IPF, idiopathic pulmonary fibrosis.
for major hemorrhage. 12 Pneumothorax rates might also be influenced by ventilation strategy, with higher risk of pneumothorax hypothesized in the setting of positive pressure or jet ventilation. For this reason, we utilized deep sedation rather than general anesthesia to permit maintenance of adequate spontaneous ventilation around the cuff-down ETT used in our subjects. More study is necessary to determine an optimal technique which limits the risk of these competing complications while maximizing diagnostic yield.
Our overall consensus diagnostic yield of 68% (71 of 104) falls within the previously reported range of 50% to 98%. 2, [20] [21] [22] [23] Our histopathologic diagnostic yield of 44% (46 of 104), however, falls short of the published range of 51% to 83% [18] [19] [20] [21] [22] [23] [24] in prior studies of cryobiopsy. We offer several potential explanations. We performed cryobiopsy for any diffuse process if an indication existed for SLB and declined to biopsy only 1 referral (on a high level of mechanical ventilatory support) during the study period. We therefore cryobiopsied a wide range of diffuse lung diseases, not just fibrotic disease suspicious for IPF or other idiopathic interstitial pneumonia (entities with fairly robust histopathologic and clinical-radiologic-pathologic diagnostic criteria). As shown in Table 4 , histopathologic diagnostic rate was higher in cases with HRCT consistent with UIP pattern (4 of 7; 57%) and possible UIP pattern (6 of 11; 55%) than those with HRCT inconsistent with UIP (36 of 86; 42%). Despite this, we were still able to establish 19 different specific diagnoses, compared with a range of 7 to 15 diagnoses in prior investigations. 2, [18] [19] [20] [21] [22] [23] This broader scope of pathology might also explain why our diagnostic prevalence of IPF was not higher; UIP was not suspected in subjects with HRCTs concerning for primary small airway processes or diffuse nodules but these patients underwent cryobiopsies nonetheless and were included in this analysis, whereas they were excluded in many prior investigations. Finally, we employed a more stringent definition of histopathologic diagnosis compared with several prior studies, 21, 22 by including only specific idiopathic interstitial pneumonias and other well-defined entities (eg, malignancy, sarcoidosis, protein alveolar proteinosis 14 ). Our diagnostic rates are well above that reported for traditional forceps transbronchial lung biopsy, with histopathologic and consensus diagnostic rate 20% to 32% in this setting. 4, 26 No prior studies report how often cryobiopsy affects clinical management. A management change attributed to cryobiopsy occurred in 70% of our cases. Expectedly, changes were more likely if cryobiopsy established a diagnosis, although 39% of nondiagnostic cryobiopsies still led to management changes. As a result, 4 of 5 subjects benefited from cryobiopsy in the form of a diagnosis or a management change (frequently, both), depicted by Figure 3 .
Five subjects without a consensus diagnosis following cryobiopsy proceeded to SLB. Surgical pathology was consistent with cryobiopsy pathology (nonspecific small airway-centric inflammation) in 2 cases and no diagnosis was rendered. Two were clear examples of cryobiopsy sampling error: a case of UIP/IPF in which no alveolated parenchyma was recovered (only 1 biopsy obtained due to significant bleeding; likely due to inadvertently proximal biopsy location) and a case of organizing pneumonia with particularly patchy distribution on HRCT. In the fifth case, cryobiopsy demonstrated a necrotic malignancy subsequently diagnosed as T-cell lymphoma by SLB. SLB was offered but declined by the patient in several additional cases with still-indeterminate disease following cryobiopsy.
The primary strength of this study is a relatively high diagnostic prevalence of UIP/IPF using a more conservative outpatient-based flexible bronchoscopic approach than other centers reporting similar rates of UIP/IPF, where rigid bronchoscopy is typically performed and complication rates are higher. This was accomplished despite pursuing cryobiopsy in a broader range of subjects indicated for SLB, including those with suspected primary small airway disease or diffuse nodules. Strict diagnostic definitions in accordance with current guidelines were used to avoid inflating diagnostic yields. All cases were reviewed by a multidisciplinary team of pulmonologists, radiologists, and pathologists at this center with extensive interstitial lung disease experience. Our procedural technique has been meticulously detailed to permit comparison with other practices.
There are several important limitations in the current study. Although the confidence with which diagnoses were established was not always prospectively documented, we attempted to limit bias in the retrospective interpretation of these diagnoses this by having multiple authors independently assess the confidence in each and review clinical follow-up to ensure no contradicting data arose postcryobiopsy. The single-center nature of this series may limit generalizability of these results, although diagnoses were established based on current consensus statement guidelines. Although our sample size is relatively large compared with many other studies of cryobiopsy, this series is still of modest size. No direct comparison with gold standard SLB for histopathologic diagnosis is offered, so safety and yield comparisons to SLB rely on previously published data. Large studies of SLB suggest a range of operative risk depending on preoperative status and comorbidities 10, 27 ; our sample was not large enough to permit robust stratification of risk on this basis. Accordingly, comparison between cryobiopsies and SLB remain subject to significant bias at this time. Finally, procedures were performed or supervised by an interventional pulmonologist; complication rates could be higher with less experienced operators. Given the small but clearly present risk of life-threatening hemorrhage during this procedure, in its current state we feel strongly that its performance should be limited to experienced operators with advanced bronchoscopic training who are adept at managing serious hemorrhage.
Transbronchial cryobiopsy continues to show promise as a relatively safe alternative to SLB for the diagnosis of indeterminate DPLD. The outpatientbased flexible bronchoscopic approach we utilized appears capable of diagnosing UIP/IPF as well as a wide range of other diseases. Comparison with SLB remains challenging; directly comparative research is warranted and will help elucidate where cryobiopsy is best situated in the diagnostic algorithm for indeterminate DPLD. Standardization of a cryobiopsy technique that optimizes yield and minimizes complications should be proposed by an expert panel and supported by additional data.
